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A method was established for measuring molecule numbers of three different myosin heavy chain (MHC) mRNA isoforms in total RNA 
preparations. The quantification was based on a combination of primer-directed reverse transcriptase and polymerase chain reactions with 
5’-digoxigenin-labeled oligonucleotides, using external standards. The sensitivity of the method allowed the quantitation of mRNA amounts down 
to the range of 1,000 molecules (detection limit 50 molecules). The numbers determined for eight different rabbit muscles are in the range of 
101109@g total RNA. In soleus muscle, the value of 1.1 I x lo9 MHCI mRNA molecules corresponds to approximately 8% of the total mRNA. 
With reference to myonuclei, this amount corresponds to l-2 x 104 molecule~nucleus. A quantitative comparison of the two fast MHC mRNA 
isoforms with the dist~bution of different MHC isoforms at the protein level indicates that one of these two fast sequences i specific to MHCIIb 
and the other to MHCIId. However, our data point to the existence of additional MHCIId mRNA subtypes. 
Muscle fiber type; Myosin heavy chain mRNA isoform; Number of MHC mRNA molecule; Quantitative reverse transcriptase/polymerase chain 
reaction 
1. I~RO~UCTION 
Relationships have been established between histo- 
chemically defined fiber types and their myosin heavy 
chain (MHC) complement [l]. Although muscle fibers 
generally express only one MHC isoform, hybrid fibers 
exist containing more than one HC isoform [2-61. 
Moreover, there is evidence that muscle fibers are able 
to change their phenotype, ~rfo~ing fiber type transi- 
tions under the influence of exogenous factors, e.g. al- 
tered neuromuscular activity, mechanical activity or 
hormonal signals. These transitions correspond to alter- 
ations in the expression of MHC isoforms. While these 
changes have been studied down to the level of protein 
analyses on single fiber fragments [5], little information 
is available as to the quantitative changes in the 
amounts of the corresponding MHC mRNA isoforms. 
In order to monitor alterations in gene expression at this 
scale, a quantitative approach for assessing absolute 
amounts or molecule numbers of specific mRNAs 
would be desirable. The purpose of the present study 
was to elaborate a standardized, highly sensitive and 
quantitative assay for mRNAs specific for different 
MHC isoforms. An appropriate approach for measure- 
ments at the microscale appeared to be reverse tran- 
scription (RT) of mRNA followed by amplification of 
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the resulting cDNA by the polymerase chain reaction 
(PCR) [7-IO]. This method makes use of specific ol- 
igonucleotides derived from isofoim-specific cDNA se- 
quences and is superior to conventional hybridization 
techniques yielding arbitrary numbers or relative 
amounts. 
Different approaches for quantification of mRNA 
using RT and PCR have been reviewed [ 1 I]. In view of 
the complexity and the kinetics of the amplification re- 
action, the use of internal or external standards is advis- 
able. In our case, where several mRNA isoforms were 
of interest, calibration with external standards [12,13] 
appeared to be most feasible. 
2. MATERIALS AND METHODS 
2.1. Preparation of total RNA 
Total RNA was prepared by the acid guanidinium iso~i~yanate 
method [14] from adductor magnus, diaphragm, extensor digitorum 
longus, gastrocnemius, psoas, soleus, tibialis anterior, and vastus 
lateralis muscles of adult male White New Zealand rabbits. RNA 
concentration was assessed spectrophotometrically. For quantifica- 
tion experiments, RNA stock solutions (0.1 @,ul) were prepared in 
20 mM ribonucleoside vanadyl complexes (RVC; Sigma). Dilution 
series were prepared from stock solutions as described for cRNA. 
Aliquots of the dilutions were stored at -7O’C. 
2.2. ~ligo~u~~eotide primers 
Sequences from three different cDNAs were available: pMHCp174 
[IS] was used for the slow MHCI; pMHC20-40 [16] and pMHC24-79 
(K. Maeda, A. Wittinghofer, personal communication) were used for 
two fast MHC isoforms. 
Primers (20mer) for isoform-specific segments of the three cDNAs 
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were synthesized by Microsynth (Windisch, Switzerland). The 5’ ends 
of primers complementary to mRNA were labeled with digoxigenin 
[17]. The primers for pMHCpl74 were directed against a 173 nucleo- 
tide (nt) sequence of the coding region. For pMHC20-40 and 
pMHC24-79, the primers were selected to amplify 236 nt and 289 nt 
segments, respectively, extending from the coding into the non-coding 
regions at the 3’ end. 
2.3. Preparation oj”external standards 
cRNAs were synthesized by in vitro transcription from the follow- 
ing transcription vectors: pB(20-40) and pB(24-79) (gifts of Dr. K. 
Maeda, Heidelberg) are Bluescribe M13’ vectors containing the 3’ 
PsfI fragments of pMHC20-40 and pMHC24-79, respectively. For 
cRNA synthesis pecific for pMHC/3174. the 173 bp PCR product was 
cloned into pGEM-4Z (Promega, Madison. WI) according to the 
supplier’s instruction. After linearization of the corresponding plas- 
mids with EcoRI, the three cRNA standards (236 nt for pMHC~l74, 
416 nt for pMHC20~, and 579 nt for pMHC24-79} were transcribed 
in vitro using T7 and T3 RNA polymerase (Boehringer, Mannheim). 
Digestion of the template was performed with RNase-free DNase 
(Boehringer, Mannheim). Unincorporated nucleotides were removed 
by G-50 Sephadex (LKB Pharmacia) gel filtration. The cRNAs were 
tested for purity by PCR. The length of the transcripts was checked 
by agarose gel electrophoresis. cRNA concentrations were determined 
spectrophotometrically taking into consideration the base composi- 
tion. Copy numbers were calculated using Avogadro’s number. For 
preparing serial dilutions of the cRNAs down to 100 molecules/~l, 
defined amounts ofcRNA (21X3Spg) were mixed with a SO-fold excess 
of carrier RNA (tRNA from yeast; Boehringer, Mannheim) and then 
diluted in 20 mM RVC. Aliquots of the dilutions with defined mole- 
cule numbers were frozen and stored at -70°C in reaction tubes ready 
for use in the RT/PCR assay. The reliability of the dilutions and their 
stability were tested in separate RT/PCR assays. 
In comparison to dilutions in water or in dithiothreitol, RVC dilu- 
tions yielded the most reliable calibration curves for all three cRNAs, 
extending to the very low concentrations for studies at the level of 
single muscle fibers. Moreover, RVC greatly increased the stability of 
the frozen aliquots which proved to be stable for at least 10 weeks. 
2.4. RTIPCR assay 
A one buffer/one tube system was used for the combined reactions 
of RT and 7’ay polymerase according to Zafra et al. [18]. Optimum 
reaction conditions were established for each of the three sequences 
under study. The assay mixture (25~1) contained 10 mM Tris-HCI (pH 
8.3), 50 mM KCI, 2 mM MgCl, (for pMHC20-40) or 3.5 mM MgClz 
(for pMH~~l74 and pMHC24-79~, 0.1 mg/ml gelatin, 0.25 mM 
dNTPs, 0.12 yM of each primer, 2.5 U human placenta RNase inhib- 
itor, 0.75 U 7”q polymerase, and 0.5 U AMV reverse transcriptase. 
All biochemicals were from Boehringer (Mannheim). Mineral oil over- 
lay was unnecessary since the reaction tubes were immersed in glycerol 
baths of different temperatures using a Robotherm PCR machine 
(Biihler. Bodelshausen, Germany). The following controls were per- 
formed to monitor DNA contaminations: (1) complete assay with Taq 
polymerase, but without template and RT; (ii) complete assay with 
Taq polymerase and template, but without RT. 
cDNA synthesis was performed for 30 min at 42°C. Thereafter, 
PCR was started for 2045 cycles. The following amplification proto- 
col was used: 1st cycle with 5 min denaturation at 92°C. 2 min anneal- 
ing at 53.5”C (for pMHC20-40 and pMHC24-79) or 55°C (for 
pMHCBl74). 30 s synthesis at 74°C. The following cycles consisted 
of 1 min denaturation, 1 min annealing and 30 s synthesis. 
2.5. Product analysis 
l-2 ~1 of the reaction mixture were analyzed on a 6% poly- 
acrylamide gel run in 1 x TBE (100 mM Tris-HCl, pH 8.3, 83 mM 
boric acid, I mM EDTA). DNA was transferred by electroblotting 
(LKB Multlphor II) to anylon membrane (Hybond-Nfp, Amersham). 
After UV fixation for 2.5 min. the digoxigenin-labeled DNA was 
detected by an antibody-linked detection assay (Boehringer, 
Mannheim). The amplified DNA was visualized by chemilumines- 
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cence usmg an anti-digoxigenin antibody coupled to peroxidase 
(Boehringer, Mannheim) in combination with enhanced chemilumi- 
nescence detection reagents (ECL, Amersham). Signals were photo- 
graphically documented (Hyperfilm-ECL, Amersham, 30 s-3 min ex- 
posure). Quantitative evaluation was performed by integrating den- 
sitometry, using an image processing system (Syncotec, Asslar, Ger- 
many) consisting of a video camera and an image processor. Separate 
analyses were performed m order to determine linear correlation be- 
tween product amount and light emission. 
3. RESULTS 
3.1. Optimum conditions for the RTIPCR assay 
The combined RT/PCR assay yielded specific signals 
for the three different MHC mRNAs investigated. The 
identity of the signals obtained with the selected ol- 
igonucleotide primer pairs was verified according to 
their length, by restriction analysis, and by hybridiza- 
tion with a diagnostic oligonucleotide (A. Uber, unpub- 
lished results). 
An example for the amplification of mRNA specific 
for pMHC24-79 is shown in Fig. 1 (upper panel). A 
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Fig. 1. Accumulation of RTlPCR products in duplicate determina- 
tions with increasing cycle numbers during the exponential range of 
the reaction. The 289 nt fragment specific to pMHC24-79 was ampli- 
fied from 4 ng of total RNA from rabbit gastrocnemius muscle. Co, 
control (complete assay with Taq polymerase and template, but with- 
out RT); M, markers (digoxlgenin-ladled DNA molecular weight 
marker VI; Boehrmger, Mannheim). The chemilumines~nt signal was 
documented photographically (upper panel). The lower panel shows 
the densitometric evaluation of product accumulation during the ex- 
ponential phase of the RTIPCR. The efficiency of the reaction 
(E = 86%) was calculated by linear regression analysis. 
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single band at 289 nt was obtained with cycle numbers 
falling into the range of the exponential product accu- 
mulation. However, additional faint bands were seen at 
higher cycle numbers, i.e. when the reaction started to 
plateau and was no longer within the exponential phase. 
Obviously, the 5’ end-labeling with digoxigenin did not 
impair the Taq polymerase reaction, since amplification 
efficiencies exceeded 80% during the exponential phase 
of the reaction (Fig. 1, lower panel). The accumulation 
of the product is described by the equation: log IV, = log 
N, + nlog(1 + E), where N, is the densitometric value 
corresponding to the number of molecules at cycle n, & 
the corresponding number of target molecules at cycle 
zero, and E the efficiency of the amplification. E is 
determined by linear regression analysis of the slope, 
log( 1 + I?‘). Efficiencies above 80% existed for amplifica- 
tion of all three sequences, i.e. 87 f 5% for pMHCp174, 
81 + 4% for pMHC20-40, and 86 + 5% for pMHC24- 
79 (n = 5). 
Both the sensitivity and precision of the method was 
greatly enhanced by chemiluminescent detection of the 
specific product. As compared to product detection by 
ethidium bromide, chemiluminescence combined with 
autoradiography provided an approximately lOO-fold 
higher sensitivity. This enhanced sensitivity was a pre- 
requisite for detecting product accumulation within the 
exponential range. The reaction product yielded sharp 
bands with little or no background which greatly facili- 
tated densitometric evaluation (Fig. 1). 
3.2. Calibration of the standard reaction 
The relationship between input of template, number 
of cycles and amount of product in the RT/PCR was 
examined on a 1:2 dilution series of the three standards 
at increasing numbers of cycles (Fig. 2). At increasing 
dilutions of the template, increasing cycle numbers re- 
sulted, due to an efficiency lower than lOO%, in slightly 
lower amounts of product. As illustrated by the semi- 
logarithmic plot in Fig. 2 (lower panel), decreasing the 
number of target molecules by a factor of 2 could be 
nearly compensated for by an additional cycle. This 
constant relation was valid in the case of all three 
standards for down to approximately 2,000 molecules 
(Fig. 2, lower panel). Deviations from this constant rela- 
tionship occurred at lower template numbers where the 
number of additional cycles had to be progressively 
increased to maintain the amount of product. Possibly, 
the decreasing efficiency of the reaction at low template 
numbers resulted from the appearance of non-specific 
products (Fig. 2, upper panel). According to these re- 
sults, we decided to use standards in the range between 
3 x 10’ and 1.3 x lo6 molecules for measurements of 
MHC mRNAs in preparations of total RNA. This 
range was two orders of magnitude above the detection 
limit of the method. 
Moreover, it was necessary to establish the range of 
cycle numbers yielding exponential product accumula- 
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Fig. 2. Relation between umber of target molecules, number of cycles 
and product yield. (Upper panel) A 12 dilution series of a stock 
solution containing 1.4 x lo5 molecules of cRNA specific to 
pMHCB174 (MHCI) was tested in duplicate in the RT/PCR assay 
with consecutive cycle number. Co, control; M, markers. The chemilu- 
minescent signal at 173 nt was documented photographically. (Lower 
panel) Calculation of cycle numbers for defined product yield on the 
basis of densitometric evaluation of the RTlPCR assay shown in the 
upper panel. The constant relationship between cRNA input and cycle 
number extends to approximately 2 x IO3 molecules. 
tion for defined amounts of the standards [19]. Under 
the chosen conditions, decreasing amounts of cRNA 
yielded similar amounts of product at increasing num- 
ber of cycles. As shown in Fig. 3, the lines obtained by 
linear regression analysis displayed identical slopes, 
thus indicting comparable efficiencies. 
3.3. Conditions for mRNA quantification and calibration 
by external standards 
Quantitative measurements on RNA preparations re- 
quired preliminary experiments in order to estimate 
concentration ranges of the three mRNAs of interest. 
The amount of total RNA used for the quantitative 
RTfPCR assays was individually chosen (62.5 pgg0.4 
pug) according to the results of the preliminary measure- 
ments and the calibration curves for the standards de- 
scribed above. Combining dilution series and sequential 
cycles, the following procedure was routinely used: 
RNA preparations were tested in duplicate at 2-3 con- 
centrations in parallel to 2-3 amounts of standards in 
255 
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Fig. 3. Linear regressions of densitometrtcally evaluated product accu- 
mulation of an RT/PCR assay performed with three defined amounts 
of cRNA at increasing cycle numbers. The following amounts were 
used: 6.1 x lo3 (A), 6.1 x lo4 (+), 6.1 x IO5 (m). 
45 sequential cycles using a range of cycle numbers 
yielding the exponential relationship. In order to estab- 
lish identical conditions, all measurements were per- 
formed by pipetting freshly prepared assay mixture 
(buffer, primers and enzymes) into the tubes containing 
standards or samples (thawed aliquots). The results of 
a typical quantification experiment for pMHC24-79 are 
presented in Fig. 4. The data indicate identical efficien- 
cies and show that product yields were in the exponen- 
tial phase for both standard and sample. This was a 
prerequisite for the evaluation of the sample data. 
3.4. QuantiJication of three spec$c MHC mRNA 
isoforms in various rabbit muscles 
Measurements of the three MHC mRNA species 
under study were performed on eight muscles (Table I). 
Pronounced differences existed between the amounts of 
the three isoforms. Soleus muscle exhibited the highest 
amount of mRNA specific to pMHCB174 (slow 
MHCI), i.e. 1 .l 1 x lO’/pg total RNA, whereas the 
mRNAs specific to the two fast isoforms, pMHC20-40 
and pMHC24-79, were lower by a factor of lo6 and lo’, 
respectively. However, low amounts of MHC mRNA 
specific to pMHQ174 (MHCI) were found in muscles 
with a predominance of fast fiber types. The lowest 
amounts of this isoform (approximately lo6 copies per 
pg of total RNA) were detected in psoas and vastus 
lateralis muscles. Conversely, muscles with a high per- 
centage of fast-twitch fibers contained high amounts of 
mRNA specific to the two fast clones. Adductor mag- 
nus and vastus lateralis exhibited the highest amounts 
of mRNA specific to the fast pMHC20-40. Fast-twitch 
extensor digitorum longus, tibialis anterior, psoas 
(white portion), and gastrocnemius muscles were char- 
acterized by higher amounts of mRNA specific to the 
fast pMHC24-79 as compared to the fast pMHC20-40. 
The absolute detection limit of the method was deter- 
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Fig. 4. Documentation ofmRNA quantification in the RT/PCR assay. 
Product accumulation for pMHC24-79 was followed in duplicate de- 
terminations at 4 consecutive cycles from (A) 4 ng of a total RNA 
preparation from rabbit gastrocnemius in parallel, to (B) 6.1 x IO4 
molecules of the corresponding cRNA standard. The chemilumines- 
cent signals at 289 nt were documented photographically. (Lower 
panel) Linear regression analysis of the densitometric evaluation of 
product accumulation shown in the upper panel. Amplification from 
total RNA (+) and from the corresponding cRNA (A). 
mined for the three sequences to be in the range of 3&50 
mRNA molecules. Measurements on soleus muscle for 
mRNA specific to pMHC/?174 (MHCI) showed that 
reproducible signals could be obtained down to a value 
of 30 fg total RNA. By extrapolation and using the data 
of Table I, this corresponded to 33 molecules of specific 
MHCI mRNA. 
4. DISCUSSION 
The present RT/PCR assay serves for non-radioac- 
tive quantification of specific MHC mRNA isoforms in 
total RNA preparations. This method permits the com- 
parison of molecule numbers and allows the assessment 
of variations in mRNA amounts over a range of six 
orders of magnitude. The quantification of specific 
mRNA is reliable down to numbers of approximately 
1,000 molecules. This sensitivity exceeds the value pub- 
lished by Hoof et al. [12] for P-glycoprotein mRNA by 
two orders of magnitude. It is high enough for future 
application to analyses at the level of single muscle fi- 
bers. Such measurements will be performed on muscle 
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2.6 x lo4 and 6 x lo3 molecules per rat heart myonu- 
cleus were recently determined by Wiesner [25] for car- 
diac 01- and /?-MHC mRNA. 
The total amounts of the three rnRNAs differ in var- 
ious muscles between IO’ (psoas) and 109 (soleus) mole- 
cules per ,ug total RNA {Table I). However, it must be 
taken into account that only three sequences were inves- 
tigated and that information concerning other isoforms, 
e.g. the fast HCIIa, is missing. Substantial evidence ex- 
ists that pMHC20-40 is specific to the fast HCIIb and 
that pMHC24-79 represents a sequence specific to an as 
yet unidentified subtype of HCIId (A. Uber, D. Pette, 
unpublished results). According to protein analysis, ad- 
ductor magnus and vastus lateralis contain high 
amounts of HCIIb, which agrees with the results ob- 
tained at the mRNA level. Conversely, extensor dig- 
itorum longus and tibialis anterior are characterized by 
a predominance of HCIId with only minute amounts of 
HCIIb [6,28], which is in accordance with their rela- 
tively high content of mRNA specific to pMHC24-79. 
A discrepancy between protein and mRNA data ex- 
ists for psoas muscle. Its very high content of HCIId 
(96% relative concentration) [6,28] is in contrast to the 
extremely low amount of mRNA specific to pMHC24- 
79. This discrepancy might indicate the presence of ad- 
ditional HCIId mRNA isoforms which are of different 
specificity than that assessed by the oligonucleotide 
primers used. 
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